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The quasicontinuum (QC) multiscale method is used to investigate anisotropic fracture behaviors of
body-centered cubic (BCC) rare metal tantalum (Ta) loaded in Mode I and different fracture mechanisms
are discussed from nanoscopic to continuum perspectives to have a deep understanding of brittle and
ductile fracture. Initial crack deﬂection, brittle fracture by cleaving along low surface energy plane, duc-
tile fracture as a result of dislocation emission and fracture accompanied by deformation twinning are all
observed near crack tips of different crystal orientations. Particularly, some of these fracture mechanisms
are found to be consistent with the latest experimental results. By examining different fracture behaviors,
we ﬁnd the surface energy and the available slip planes play a combined role in determining the fracture
mechanisms near a crack tip. Both isotropic and anisotropic critical stress intensity factors are derived
and compared for different crack orientations. A straightforward criterion that is proved to be applicable
is used to distinguish brittle fracture from ductile fracture.
 2011 Elsevier Ltd. All rights reserved.1. Introduction Since the last decade, molecular dynamics (MD) has beenCrack propagation has been the focus of intensive researches
since Grifﬁth (1921) proposed the criterion of brittle fracture due
to its fundamental role in structural applications. Recently, the de-
sire of creating ultra-strength materials motivates researchers to
further study the microscopic mechanisms of crack initiation and
propagation with the help of the latest experimental techniques
and numerical simulation methods (Cheng and Yip, 1990, 1994;
Abraham et al., 2000; Li et al., 2003a; Latapie and Farkas, 2004;
Buehler et al., 2004; Prahl et al., 2007).
Traditionally, the continuum-based theories of fracturemechan-
ics, especially the linear elastic fracture mechanics (LEFM) have
provided deep insight for prediction of propagation of initial crack.
However, these continuum theories cannot account for the entire
experimentally observed characteristics of the crack dynamics such
as phase transformation and crack surface topography. In fact, frac-
ture initiation or propagation is a rather complex process that in-
volves the subjects of fracture dynamics, thermal dynamics and
material science. What is more, as fracture process is inherently
nonlinear and spans several widely different length scales, the
study of fracture appears to be ideally suited for multiscale simula-
tions that combine atomistic and continuum description to shed
light on the complex mechanisms of fracture process.ll rights reserved.
: +86 21 656442742.widely used to investigate atomic fracture behavior near the crack
tip and have enriched researchers’ understanding of the mecha-
nisms of crack inanition and propagation. These progresses include
lattice trapping effect (Bernstein and Hess, 2003; Zhu et al., 2006)
and the inﬂuence of T-stress on crack propagation (Dong, 2002;
Beltz and Machová, 2004), as well as brittle-to-ductile transition
mechanisms (Spielmannová et al., 2007; Hora et al., 2008; Farkas,
2005; Guo et al., 2004; Latapie and Farkas, 2003; Buehler et al.,
2006, 2007; Sen et al., 2010; Thaulow et al., 2011). As for the crite-
ria of judging intrinsically brittle or ductile behavior of a crack, Rice
(1992) obtained a critical parameter for distinguishing dislocation
emission near crack tip from crack cleavage by equating the driv-
ing force due to the crack-tip stress ﬁeld to the local resistance of
slip plane. This parameter has become an important criterion to
predict the brittle or ductile fracture behavior of metals; later,
Zhou and Carlsson (1994) proposed a new ductility criterion which
is independent of the intrinsic surface energy for dislocation emis-
sion from cracks; Another criterion for onset of deformation twin-
ning at a crack tip was also derived based on the Peierls concept by
Tadmor and Hai (2003), Kang and Cai (2007) found that a simple
parameter based on the ratio between the ideal tensile strength
and the ideal shear strength correlates very well with brittle versus
ductile behavior in their semiconductor nanowire simulations;
Considering the fact that the calculation of energy barrier of dislo-
cation usually targets on a straight dislocation, Zhu et al. (2004),
investigated the activation energy barrier for nucleating a 3D dis-
location loop.
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rare metal tantalum (Ta) based on the quasicontinuum (QC) meth-
od proposed by Tadmor et al. (1996). Ta is chosen as our target of
research since most of BCC fracture simulations are limited to a-Fe
(Shastry and Farkas, 1996; Yan et al., 2004; Nishimura and Miya-
zaki, 2004; Spielmannová et al., 2010) and few studies of Ta frac-
ture have ever been reported (Strachan et al., 2001). Besides, Ta
and its alloy are excellent candidate materials for applications in
various ﬁelds (Cardonne et al., 1995; Buckman, 2000), especially
in electronic industry as a result of their unique high melting tem-
perature, high strength and excellent ductility. We focus on the ef-
fect of crystal orientation and the inherent mechanisms on the
fracture propagation behaviors of Ta loaded in Mode I. The simula-
tion results are compared with available experimental results
including the experiments of typical BCC metal a-Fe and tungsten.
A criterion similar to the one proposed by Rice (1992) is given in
the discussion part to differentiate brittle fracture from ductile
fracture under different crystal orientations.Table 1
Crystal orientations of four models.
Models x y z
I [010] [100] [001]
II ½110 [110] [001]
III [100] [011] ½0 11
IV ½110 [001] [110]2. Simulation model
QCmethod is an effective multiscale approach that couples con-
tinuum and atomic simulation. It is established that discrete atom-
ic description are only necessary at highly deformed region and in
the vicinity of defects or interfaces. Representative atoms in QC
method are divided into local atoms and non-local atoms. The local
atoms capture the deformation behavior of atoms that undergoes
slowly varying deformation based on Cauchy-born rule. The non-
local atoms are treated by discrete atomistic lattice statics in the
areas where severe plastic deformation occur. By using an adaptive
reﬁnement strategy, QC method automatically reduces the degrees
of freedoms and computational demand without losing atomistic
detail in regions where it is required. More details of QC method
can be found (Shenoy et al., 1998, 1999).
A schematic representation of crack propagation simulation
model is shown in Fig. 1. The single crystal Ta plate in our simula-
tion is 200 nm long and 150 nm wide. Periodic boundary condition
is applied in the out-of-plane direction. An initial crack on the left
side of the plate is created by removing three layers of atoms and
only one layer atoms at the crack tip are removed to create a sharp
tip. It must be noted that there is no interaction between the atoms
on the upper and lower surfaces of the initial crack. The size of the
model is roughly one order of magnitude larger than typical mod-
els used in MD simulations.
In order to investigate the effect of crystalline anisotropy on
crack propagation, four cases of crack orientations of Ta plate are
considered. Each of the speciﬁc cracks written in the form of (crack
plane) [crack front] is deﬁned by the crack plane (y-axis) and the
direction of the crack front (z-axis). The crystal orientations ofFig. 1. Schematic representation of crack propagation model loaded in Mode I: (a)
global view and (b) the close-up view of crack tip.crack plane and crack front of the four models are listed in Table
1. Our choices have taken into account of both the possible cleav-
age planes and the slip planes in front of the crack tip in different
models. Fig. 2 illustrates crack tip conﬁgurations as well as some
important crystal orientations ahead of crack tips. For instance,
in model II, there are no available slip planes in front of crack tip
while in model III and IV two slip planes are inclined at different
angles to the crack planes, respectively.
As shown in Fig. 1, displacement-controlled load is applied on
the top and bottom surfaces of Ta plate. Speciﬁcally, the displace-
ment (ux, uy) of each node is applied according to the prediction of
LEFM given by Eq. (1) (Feng, 1987). In the formula, KI is the stress
intensity factor, E is the elastic modulus, k is given by Eq. (2) in
which m is the poison ratio, r and h are the polar coordinates of
the node of which the displacement is calculated, as illustrated
in Fig. 3.
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According to the way the ﬁxed displacement boundary is applied,
we use the stress intensity factor KI to represent different load
stages. Furthermore, we calculated the critical stress intensity factor
KIC for each crystal orientation according to Eq. (3) in which E is the
reduced elastic modulus (Tadmor et al., 1999), m is the poison ratio
and c is the surface energy of crack plane. The surface energy of
each model (Li et al., 2003b) and their corresponding critical stress
intensity factors KIC are listed in Table 2. Since we have got the crit-
ical stress intensity factors, the external loads at each stage corre-
sponding to KI could further be deﬁned as nKIC. Therefore, we use
nKIC to describe each loading stage.Fig. 2. Schematic illustrations of crack tips and some important crystal orientations
ahead of crack tips.
Fig. 3. Schematic representation of polar coordinate and displacement ﬁeld.
Table 2
Surface energies and critical stress intensity factors for four models.
Models Orientation of
crack plane
Surface energy
c (J/m2)
Critical stress intensity factor
KIC (MPa m1/2)
I (100) 2.03 0.934
II (110) 1.77 0.872
III (011) 1.77 0.872
IV (001) 2.03 0.934
3056 J. Mei et al. / International Journal of Solids and Structures 48 (2011) 3054–3062K IC ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2cE
1 m2
r
ð3Þ
It is worth mentioning that the applied ﬁxed displacement loads
and the calculated critical stress intensity factors in four models
are based on the isotropic elastic theory for simplicity. In fact, a sin-
gle crystal of microscopic or nanoscopic scale may exhibit strong
anisotropic behavior. In the later discussion, we will further calcu-
late and discuss the critical stress intensity factors based on aniso-
tropic elastic fracture theory.Fig. 4. Crack tip conﬁgurations at different loading stages for (100)The interaction among Ta atoms is described by EAM potential
proposed by Li et al. (2003b). The anisotropic elastic modulus pre-
dicted by this potential are C11 = 248.5 GPa, C12 = 144.6 GPa and
C44 = 86.5 GPa (Marian et al., 2008), which are approximate to
the experimental results (Featherston and Neighbours, 1963).
Since only crack tip region is fully described by atomic simulation
and adaptive reﬁnement strategy is applied, roughly 10,000 atoms
are treated in the multi-scale model.
One of the most powerful techniques to visualize crystal defects
is the energy method (Bulatov et al., 1998). Different colors are
used to differentiate and highlight the atoms near crack tips based
on their potential energy in our simulations. The atoms with high
potential energy are colored in red while the atoms with low po-
tential energy are colored in blue.3. Results
3.1. Model I: (100)[001] crack
It is well known that {110} {112} and {123} are three families
of relatively close-packed planes in BCC metals. Therefore, these
closed-packed surfaces have low surface energies. In the model I
shown in Fig. 2(I), there are two close-packed planes, namely
(110) and ð110Þ planes lying ±45 to the crack front, respectively.
During the initial loading, the crack tip ﬁrst goes through a long
period of elastic deformation and the elliptical-like crack tip is
clearly observed as illustrated by the elliptic curves in Fig. 4a.
There is no sign of crack propagation or plastic deformation near
the crack tip when external load is applied to 1.0 KIC. The crack be-
gins to propagate ﬁnally when the load is applied to 3.8 KIC. Judging
from the crack tip conﬁguration shown in Fig. 4b, we ﬁnd that the
initial crack have already changed its original path of propagation[001] crack: (a) 1.0 KIC, (b) 3.8 KIC, (c) 5.32 KIC and (d) 6.12 KIC.
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been reported in previous studies (Cheng and Yip, 1994; Sen
et al., 2010). We attribute this kind of deﬂection in our model to
the low surface energy of the {110} plane. Indeed, the surface en-
ergy of {110} plane (1.77 J/m2) is much lower than that of the ori-
ginal crack surface (2.03 J/m2) seen from Table 2.
After the initial crack propagation at stress intensity of 3.8 KIC,
the crack tip continues to advance along [110] direction. At the
stress intensity of 5.32 KIC, the newly created crack surface is
3 nm long shown in Fig. 4c. As load goes on, the crack tip is slightly
blunted by atomic rearrangement near the crack tip (Fig. 4d) since
the loading direction is not perpendicular to the crack surface.3.2. Model II: (110)[001] crack
In this case, the initial crack tip lies on (110) with a low surface
energy compared with (100) surface. Furthermore, there is no
available slip plane ahead of the crack tip judging from the crack
conﬁguration Fig. 2(II). Therefore, it is reasonable to assume that
the crack tends to propagate in a brittle manner. The initial crack
does start to cleave at a stress intensity factor of 2.62 KIC as shown
in Fig. 5a without inducing noticeable plasticity. Although the
crack propagates brittlely in this crystal orientation, the Grifﬁth
stress intensity factor still underestimates the critical load of crack
propagation. However, the critical stress intensity of initial crack
propagation is much lower than that of model I because of low sur-
face energy of crack plane and no available slip plane ahead of the
crack tip.
Through the crack propagates in a brittle manner, it does not
imply that the newly created crack surface is a smooth surface.
At the stress intensity factor of 2.75 KIC shown in Fig. 5b, a small
step on (110) plane is observed as the cleavage does not advanceFig. 5. Crack tip conﬁgurations at different loading stages for (110) [between two layers of (110) atoms strictly. The atomic conﬁgura-
tion at the stress intensity factor of 3.81 KIC shown in Fig. 5c tells
that crack surface tends to be rough as the crack advances into
the Ta plate. When the external load is applied to 3.93 KIC
(Fig. 5d), the crack has already advanced more than 8 nm into
the plate. Although slight atomic rearrangement near crack tip is
observed, brittle cleavage characterize the whole crack propaga-
tion process in model II.3.3. Model III: ð011Þ½011 crack
Two slip systems ð2 1 1Þ½111 and ð211Þ½1 1 1 lying at the angle
h = ±54.73 with respect to the crack plane are schematically
shown in Fig. 2(III). The slip systems provide chances for plastic
deformation such as dislocation emission. In fact, it is already
found by researchers through experiments or simulations (Prahl
et al., 2007; Nishimura and Miyazaki, 2004; Spielmannová et al.,
2010) that partial dislocations or full dislocations might be emitted
along h111i direction on {112} close-packed plane. The initial
crack surface also has a low surface energy of 1.77 J/m2 shown in
Table 2 in model III. The low surface energy indicates that the crack
tends to cleave from the point that cleavage might favor the low
energy surface plane.
At the stress intensity factor of 2.6 KIC, a slight cleavage is ﬁrst
observed shown in Fig. 6a. This is not surprising when both the
sharpness of the initial crack tip and the low surface energy of
(011) plane is taken into account (Fischer and Beltz, 2001). By
comparing the stress intensity factor when the ﬁrst cleavage oc-
curs in this model with the one in model II, we ﬁnd that both
cracks cleave almost at the same stress intensity factor in the
two models as both of them have the same initial crack surface
energy. As external load continues, the cleavage process on low001] crack: (a) 2.62 KIC, (b) 2.75 KIC, (c) 3.81 KIC and (d) 3.93 KIC.
Fig. 6. Crack tip conﬁgurations at different loading stages for (011) ½0 11 crack: (a) 2.6 KIC, (b) 3.35 KIC, (c) 3.62 KIC, and (d) enlarged atomic conﬁguration of crack tip at 3.62
KIC.
3058 J. Mei et al. / International Journal of Solids and Structures 48 (2011) 3054–3062surface energy plane competes with the slip process because of the
available slip systems ahead of the crack front. The ﬁrst slip pro-
cess along ð1 1 1Þ direction on (211) plane ﬁnally occurs when
external load is applied to 3.35 KIC as shown in Fig. 6b. The stress
concentration at the crack tip is released by the nucleation and mo-
tion of a full dislocation (the Burgers vector is 12 ð1 1 1Þa, where a is
the lattice constant of Ta). Besides energy release by dislocation
emission, the crack tip is blunted as the tip becomes two atom lay-
ers wide in Fig. 6b. When external load is applied to 3.62 KIC, the
ﬁrst full dislocation continues to move as far as 23 nm away from
the crack tip (as shown in Fig. 6c). At the same time, another dis-
location with a Burgers vector of 12 ð111Þa is emitted from the crack
tip on ð2 1 1Þ plane and moves away from the tip. With the emis-
sion of the second dislocation, the crack tip is further blunted.
Our simulation of plastic behavior of crack tip is in consistent with
the experiment result (Spielmannová et al., 2007) which led to the
ductile character of crack propagation in this crystal orientation.
What is more, when the enlarged view of atomic conﬁguration is
examined in Fig. 6d after emission of the second full dislocation,
phase transformation from the bcc structure to a typical close-
packed hexagonal structure is observed at the crack tip. Similar
localized phase transformation was also found near the crack tip
of silicon which was believed to inﬂuence threshold crack speed
(Buehler et al., 2007). This type of phase transformation may fur-
ther leads to recrystallisation near the crack front (Farkas, 2005).
3.4. Model IV: (001)[110] crack
Two slip planes are also found in Fig. 2(IV) for the case of model
IV similar to model III. The only difference is that the slip planes of
model IV lay different angles (±35.26) with respect to the crackplane. Therefore, it is supposed that the shear stresses along the
slip planes are different under the same external load from the per-
spective of continuum mechanics. When the external force is
loaded to 3.17 KIC, deformation twinning which was also observed
by many other researchers (Guo et al., 2004; Farkas, 2005; Prahl
et al., 2007; Hora et al., 2008), especially conﬁrmed in the experi-
ments in single Ta crystals (Mitchell and Spitzig, 1965; Shields
et al., 1975) is found in our simulation as shown in Fig. 7a. Defor-
mation twinning observed in this case near the crack tip is created
by emission of partial dislocations in adjacent ð112Þ planes. This is
a quite different plastic deformation mechanism compared with
the case of model III. As external load continues, the deformation
twin goes deep into Ta plate and becomes thicker and thicker. At
the stress intensity of 3.48 KIC, the deformation twin is already
28 nm long and 1.5 nm thick (Fig. 7b). By comparing Fig. 7a and
b we ﬁnd that only after a long period of twin extension does crack
propagation become evident. Therefore, it seems that deformation
twinning near the crack tip leads to the ductile behavior of crack
propagation from the point of plastic deformation. However, as
shown at the stress intensity of 3.67 KIC in Fig. 7c, besides the
expanding of the deformation twinning, the newly created crack
surface plane tends to be the low surface energy plane, namely
the twinned atomic planes that show mirror symmetry with
ð110Þ surface plane in this case. The processes of crack tip to
choose low surface energy plane can be illustrated as below: ﬁrstly,
the process of deformation twinning near the crack tip rotates the
orientation of original crystal. As a result, the low surface energy
plane lies at a small angle with the initial crack surface plane. This
implies that crack may propagate on the mirror plane of the twin.
In fact, the some researchers have also found through experiments
that cracks propagate along twin boundaries (Prahl et al., 2007;
Fig. 7. Crack tip conﬁgurations at different loading stages for (001) [110] crack: (a) 3.17 KIC, (b) 3.48 KIC, and (c) 3.67 KIC.
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ning, it tends to be possible and easier for initial crack tip to branch
into the low surface energy plane under the loading Mode I.
From the above discussion, we reveal that deformation twin-
ning seems to play two roles in crack propagation. On the one
hand, deformation twinning as an important plastic deformation
mechanism tends to make the crack to propagate in a ductile
way since plastic deformation by the growth of twin near the crack
usually precedes the growth of the crack. On the other hand, defor-
mation twinning makes it much easier for the crack tip to branch
into the low surface energy plane, which is usually the typical
plane for brittle cleavage. In fact, deformation twinning near the
crack tip is an interesting and in certain sense plays an ambiguous
role which attracted researchers for many years. First, it is one type
of plastic deformation as a result of shearing forces and might lead
to the ductile and hardening behavior of metals. (Murr et al., 1997;
Soulami et al., 2011). Also, some researchers (Sˆmida and Bosˆanskyˆ,
2002) have revealed that the termination of cleavage rivers on the
twin proves that twin boundary is an efﬁcient barrier for disloca-
tion motion and therefore may lead to the accumulation of stress
in the vicinity of twins. At the same time, other researchers (Prahl
et al., 2007; Spielmannová et al., 2007) have proved through exper-
iments and simulations that deformation twinning is one critical
important characteristic during brittle-to-ductile transition which
depends on loading rates. Considering the possible dual roles of
deformation twinning mentioned above, the terms quasi-brittle
fracture (Warner et al., 2007) and subcritical ductile crack growth
(Machová and Beltz, 2004) are sometimes used to describe twin-
ning-accompanied fracture. Here, our investigation has offered
one possible explanation of the mechanism of the dual role of
deformation twinning in fracture.4. Discussion
4.1. Crack propagation mechanisms for different crystal orientations
By observing atomic conﬁgurations near crack tips of Ta plates
in four cases of crack orientations, quite distinctive deformation
mechanisms which are critical for analysis of brittle or ductile frac-
ture are found. In general, crack propagation mechanisms are
mainly determined by the surface energy of initial crack plane
and the available slip systems in front of the crack tip. This will
be explained in detail by summarizing the fracture mechanisms
in four cases of crack orientations here.
For the cases of model I and model IV, both of them have the
same initial crack surface plane {100} and the surface energy is
much higher than that of model II and model III. The biggest differ-
ence between model I and model IV lies in the available slip sys-
tems near the two crack tips. As for model I, no evident slip
plane is available for shearing movement of atoms. However,
(110) and ð110Þ low surface energy planes are found near the
crack tip. Therefore, one possible way of energy release is by creat-
ing new a crack surface plane along the low surface energy plane.
As a result, the initial crack tip changes its direction of propagation
to ð110Þ low surface energy plane shown in Fig. 4. When it comes
to model IV, ð11 2Þ and ð112Þ slip planes lie in front of crack tip,
therefore, deformation twinning (Fig. 7) as one type of shearing
plastic deformation is much more favored rather than cleaving
along high surface energy plane.
For model II and model III, both of them have initial cracks on
low surface energy planes (1.77 J/m2) but they are different in
the available slip systems ahead of the crack tips. There are no
available slip systems in the case of model II. The crack propagates
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der loading Mode I. Compared with model II, two slip systems indi-
cating the possibility of atomic slip exist near the crack tip in
model III. Dislocation emission is detected as the most important
way of crack blunting and plastic deformation as illustrated in
Fig. 6b and c in model III. The emitted dislocations move away from
crack tip because of the high shear stress near the crack tip. As
more dislocations are emitted, the initial sharp crack tip is clearly
blunted and leads to ductile characteristic of crack propagation. So
we conclude that surface energy and the available slip plane play a
combined role in determining the mechanisms of crack
propagation.
4.2. Anisotropic critical stress intensity factor and initial crack
propagation stress intensity
In our study of fracture mechanism, we use the isotropic critical
stress intensity factor in Eq. (3) to express the corresponding exter-
nal load since displacement controlled load is applied based on iso-
tropic elastic theory. Considering the anisotropic behavior of a
single crystal used in our simulation, we will further discuss the
anisotropic critical stress intensity factor for the four different
models and compare them with the simulated stress intensity
when crack begins to propagate found in our simulations.
When the anisotropic effect of a discrete crystal lattice is taken
into account, the critical stress intensity factor (Mandell et al.,
1974) can be expressed as
KIC ¼
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p s11s22
2
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where c is the surface energy and sij is the compliance constant with
indices 1, 2 and 6 referring to the directions of crack propagation,
crack plane and crack front, respectively. The calculated surface
energies of different crack planes have already listed in Table 2. Be-
sides calculating the critical stress intensity factor using Eq. (4), we
also get the simulated stress intensity when each initial crack be-
gins to propagate by examining atomic conﬁgurations near the
crack tip in our simulations. Two theoretical critical stress intensity
factors KIC and K

IC which are calculated based on isotropic and
anisotropic continuum assumptions, respectively, as well as the ini-
tial crack propagation stress intensity K are given in Table 3.
Compared the stress intensity factors based on isotropic
assumption with the ones based on anisotropic assumption for
four models, no signiﬁcant numerical differences are found be-
tween two types of critical stress intensity factors. Therefore, it is
acceptable to use isotropic critical stress intensity factor to de-
scribe different loading stages.
In the four different choices of crack orientations, initial crack
propagation stress intensities are two or more times of the theoret-
ical values predicted by Grifﬁth criterion which has been proved to
be an effective critical criterion for the cleavage fracture of brittle
metals. In the case of model I, the simulated initial crack propaga-
tion stress intensity is four times larger than KIC as the initial crack
deﬂects from its original direction and propagates in a brittleTable 3
Isotropic and anisotropic stress intensity factors KIC and K

IC , as well as initial crack
propagation stress intensity K.
Models KIC (MPa m1/2) KIC ðMPa m1=2Þ K (MPa m1/2)
I 0.934 0.876 4:05KIC
II 0.872 0.949 2:41KIC
III 0.872 0.893 2:54KIC
IV 0.934 0.900 3:29KICmanner by cleaving along ð110Þ low surface energy plane. For
the cases of model II and model III, even though the simulated
crack-initiation stress intensities are two times larger than KIC,
they are closer to KIC compared with model I and IV because of
the low surface energies of initial crack planes. We ﬁnd that low
crack-initiation stress intensity does not indicate that the crack
will propagate in brittle manner and high stress-initiation stress
intensity is not directly related with ductile fracture. For instance,
crack tip propagates in a brittle manner initially with a high crack-
initiation stress intensity in model I, while ductile fracture in mod-
el III indicated by full dislocation emission has a relatively low
crack-initiation stress intensity. In conclusion, the value of initial
crack propagation stress intensity in our simulatedmodel is mainly
the result of the surface energy and it is not directly related with
brittle or ductile fracture.
4.3. Criterion for ductile and brittle fracture
One of the most challenging topics in fracture mechanism is a
given material’s preference between brittle and ductile fracture
mode. Several criterions have been proposed to forecast brittle or
ductile failure of different materials. The most prominent one
was carried out by Rice (1992). In the model, Rice compared the
energetic ‘‘cost’’ of creating new surfaces (the surface energy cs)
with the energy barrier that must be overcome to allow one atomic
plane to slip over one another (the unstable stacking fault energy
cusf). Rice found that the parameter cusf/cs could be effectively used
as a criterion to distinguish ductile fracture from brittle fracture for
a particular crystal-lattice type and orientation.
In this part, a much more straightforward way from the per-
spective of continuum mechanics is used to propose a criterion
to differentiate ductile fracture from brittle fracture. The criterion
is then put into use to examine the different fracture behaviors
found in our simulations.
Fig. 8 is a schematic representation of stress components near a
crack tip in a polar coordinate. According to the isotropic elastic
theory, the stress components can be written as Feng (1987)
rrr
rhh
rhr
9>=
>; ¼
K I
ð2prÞ1=2

cosðh=2Þ½ð1þ sin2ðh=2Þ
cos3ðh=2Þ
sinðh=2Þ cos2ðh=2Þ
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It is reasonable to suppose that the normal stress component
perpendicular to the newly created crack plane plays a dominant
role in cleavage fracture (brittle fracture). For instance, if the initial
crack in Fig. 8 cleaves on the h = 0 plane, the most important stress
leading to this brittle fracture is rhh (h = 0). Whether cleavage
along one plane occurs or not is also related with the metallic bond
between the two atomic planes when the external load is applied.
This factor could be represented by the surface energy cs. There-
fore, we take the variable
k ¼ rhh
cs
ð6ÞFig. 8. Schematic representation of stress components in polar coordinate.
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ent crystal orientations, the larger k is, the bigger chance cleavage
will occurs.
We now consider the case of ductile fracture characterized by
atomic slip process such as dislocation emission and deformation
twinning. Atomic slip process near the crack tip is mainly the result
of shearing stress rhr if one slip plane inclines at angle h with the
prolongation of the crack plane as shown in Fig. 8. Also, when a slip
process occurs, a critical unstable energy barrier need to be over-
come if we imagine each atom as a sphere energy ball. In fact,
the unstable energy barrier has already been used in Rice’s model,
namely the unstable stacking fault energy cusf if a partial disloca-
tion is emitted. In the case of full dislocation emission, the critical
unstable energy barrier is the cost of the largest energy when one
atomic plane slips over another. Taking into account of the external
stress rhr and the material parameter cusf, we use the variable
g ¼ rhr
cusf
ð7Þ
to describe the tendency of ductile fracture mode. The larger the va-
lue of g is, the easier ductile fracture will occur for different crystal
orientations.
Since the variables k and g are used to describe the tendency of
brittle fracture and ductile fracture respectively and any type of
fracture always involves the competition between ductile and brit-
tle fracture, it is appropriate and natural to assume the ratio k/g as
an important parameter (we name the ratio as n) to represent the
competition between brittle fracture and ductile fracture. The lar-
ger the parameter n is, the more possible brittle fracture wins over
ductile fracture. On the contrary, if n is small, the fracture will tend
to be ductile. Therefore, we assume n as a critical parameter to dis-
tinct brittle fracture from ductile fracture. According to Eqs. (5)–
(7), n is given by
n ¼ k
g
¼ cusf
cs
 cot h
2
 
ð8Þ
It can be seen from Eq. (8) that n is not only related with unsta-
ble stacking fault energy cusf and surface energy cs but also affected
by the position of available slip planes near the initial crack tip.
To conﬁrm the implication of the parameter n in differentiating
brittle fracture from ductile fracture, the criterion is used in our
simulation. Table 4 lists the values of n for four models and csf of
initial crack planes as well as cusf of available slip planes lying h an-
gles with respect to initial crack planes for four crystal orienta-
tions. As mentioned above, the critical unstable energy barrier
cusf is derived by calculating the cost of the largest energy when
one atomic plane slips over another (in cases of no evident slip
planes ahead of crack tip, cusf is the largest energy barrier of shear-
ing atomic plane lying h = 45with respect to the initial crack plane
since shearing stress on h = 45 plane is usually the largest one).
We will ﬁrst examine the models of II, III and IV, considering the
fact that the initial crack in model I have changed its direction of
propagation, as shown in Fig. 4b. In model II, n is much larger as
a result of low surface energy csf and high energy barrier of shear-
ing atomic plane (h = 45). The high value of n indicates that Ta
exhibits a strong tendency of brittle fracture in this case, as con-
ﬁrmed by the atomic conﬁgurations shown in Fig. 5 under thisTable 4
Prediction of brittle vs ductile fracture based on n.
Models cusf (J/m2) csf (J/m2) h n
I 3.43 2.03 45 4.07
II 4.95 1.77 45 6.76
III 1.20 1.77 54.73 1.30
IV 1.10 2.03 35.26 1.70crystal orientation. In the case of III, the value of n is the smallest
one in four models, indicating the strong competition between
the shearing of atomic plane by dislocation emissions and the
cleavage of atomic plane in the process of fracture. Therefore it is
possible for ductile fracture to occur in these crystal orientations.
Again, this is proved in the fracture simulation of model III: full dis-
location emissions are found as shown in Fig. 6. In the last case of
twinning-accompanied fracture in model IV, n is much smaller
than the one in the case of total brittle fracture in model II and lar-
ger than the one in the case of ductile fracture in model III. The va-
lue of n in model IV tends to lie in the domain of ductile–brittle
fracture. Indeed, deformation twinning-accompanied fracture is
sometimes mentioned as quasi-brittle fracture (Warner et al.,
2007) or subcritical ductile fracture (Machová and Beltz, 2004)
and is frequently found in the transition of ductile-to-brittle or
brittle-to-ductile fracture (Machová et al., 2004; Spielmannová
et al., 2007). Our understanding of twinning-accompanied fracture
though the value of n is conﬁrmed by these researches.
When the same criterion is used to predict brittle or ductile
fracture in model I, it could be seen from Table. 4 that brittle frac-
ture will dominate the fracture process by cleaving along initial
crack plane if the possibility of the change of crack propagation
direction is neglected. However, the crack tip has changed its initial
direction and propagates on the low surface energy plane in a brit-
tle manner as illustrated in Fig. 4. We will continue to discuss the
change of crack propagation direction based on the same concept
that is used to derive Eq. (8). Since k derived in Eq. (6) is used to
describe the tendency of cleavage fracture, we only need to com-
pare the value of k on the initial crack plane (h = 0) with the one
on the new crack-propagation plane (h = 45). It is found that the
ratio of kh=0 to kh=45 is 1.10. This means that compared with cleav-
ing along the initial crack plane, it costs nearly the same energy for
the crack tip to change its direction to the low surface energy in a
brittle manner. Therefore, it is possible for the initial crack to
change its way of propagation to ð110Þ low surface energy plane.5. Conclusion
QC method is applied to study the anisotropic fracture behavior
of BCC rare metal Ta under loading Mode I and different fracture
mechanisms are discussed from nanoscopic and continuum per-
spectives to have a deep understanding of brittle and ductile
fracture.
Crystalline anisotropy plays a critical role in the fracture mech-
anisms of single crystal Ta. Speciﬁcally, the surface energy of initial
crack plane and the available slip planes ahead of crack tip are cru-
cial in determining the brittle or ductile fracture. In model I ((100)
[001] crack), initial crack tip tends to change its direction to low
surface energy plane since there is no available slips planes and
the surface energy of initial crack plane is high. In model II
((110) [001] crack), the surface energy of initial crack plane is
low and there is not any slip plane near the crack tip. Brittle frac-
ture by cleaving along its original crack plane dominates the whole
fracture process. When it comes to model III (ð011Þ½0 11 crack),
the initial crack still lies on low surface energy plane but with
two slip planes ahead of the crack tip. In this case, crack tip blunt-
ing led by dislocation emissions characterizes the ductile fracture.
When the twinning plane is available in model IV ((001) [110]
crack), deformation twinning is favored as fracture goes on. Some
of our simulation results are proved to be in consistent with related
available experiments.
Both isotropic and anisotropic critical stress intensity factors
based on continuum mechanics are derived for different crack ori-
entations. They are compared with the critical stress intensities
when initial cracks begin to propagate in a brittle or ductile way.
3062 J. Mei et al. / International Journal of Solids and Structures 48 (2011) 3054–3062We ﬁnd that all the theoretical critical stress intensity factors of
the four models tend to underestimate the critical stress intensities
when initial cracks begin to propagate, especially when ductile
fracture and direction deﬂection of crack propagation occur. This
might be the result of the initial crack tip geometry and the excel-
lent ductility behavior of Ta.
A much more plain and straightforward concept is proposed to
derive a criterion to distinguish brittle fracture from ductile frac-
ture. The critical parameter n involves the surface energy (cs) of
crack plane and unstable stacking fault (cusf) of possible slip plane
as well as the angle between slip plane and initial crack plane. By
examining the fracture behaviors of the four models, we ﬁnd that
this criterion tends to be appropriate in separating brittle fracture
from ductile fracture.
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